[1] During their formation, impact craters on Venus larger than 11 km in diameter acquired parabolic features composed of air fall deposits that are radar-dark in Magellan synthetic aperture radar images. A model of the parabola planimetric shape and size (the latter being a function of crater diameter) was constructed from the data of Campbell et al. [1992]. Reconstructing model parabolas around all impact craters with D > 11 km in the regions of the Venera-Vega sites revealed that parabolas cover 80-90% of the surface. These regions are representative of the majority of the Venus surface in terms of general geology and impact crater abundance. This implies that a very significant part of the surface of Venus was covered at least once with parabola deposits, and thus it is logical to look for them in the TV panoramas of the Venus surface taken by the Venera landers. These panoramas show the presence of soil and layered rocks, with the rocks (shown by the data of several instruments) consisting of porous, mechanically weak material, implying an altered or sedimentary (in a broad sense, including volcanic tuffs and impact deposits) nature. We propose the hypothesis that (1) the layered rocks may be the partly lithified and then partially eroded parabola deposits, while (2) the soil may partly be unlithified crater deposits and partly a product of the degradation of layered rocks. If this hypothesis is correct, then the interpretations related to the provenance of the materials studied geochemically by the landers may need revision. In particular, it is very possible that deep-seated (>1-3 km) rocks (the lower units of the regional plains complex, rocks of the plains basement, and plutonic rocks) are a part (perhaps significant) of the material analyzed by the landers. The possible presence of this deeply derived material should also be taken into account in selecting landing sites for future missions to Venus. 
Introduction
[2] On the basis of Magellan data analysis, there is broad agreement that impact craters on Venus (with D > 11 km) acquired radar-dark parabolas (DP) composed of air fall deposits in the process of their formation [e.g., Phillips et al., 1991; Campbell et al., 1992; Herrick et al., 1997; Basilevsky and Head, 2002] . With time the parabolas degrade and transform into clear dark halos (CH), then to faint halos (FH), and finally they completely disappear (NH = no halo) [e.g., Izenberg et al., 1994; Herrick et al., 1997; Basilevsky and Head, 2002; Basilevsky et al., 2003] . Therefore the DP-CH-FH-NH sequence (Figure 1 ) can be interpreted as an age sequence, with DP craters being the most recent and the NH craters being the most ancient. In this analysis we study the areal distribution of presently observed and partly or completely degraded air fall deposits in the vicinities of the Venera-Vega landing sites, which are typical of the vast majority of the surface of Venus. We then consider the surface panoramas in light of information acquired by the Venera-Vega and Magellan spacecraft and suggest the hypothesis that the layered deposits seen in all four landing sites where TV-pictures were acquired are degraded parabola deposits. This hypothesis, if correct, has important implications for the interpretation of the Venera-Vega geochemical results.
Radar-Dark Parabolas and Their Deposits
[3] Radar-dark parabolas associated with impact craters have been found in the Magellan synthetic aperture radar (SAR) images and thermal emissivity data Phillips et al., 1991; Campbell et al., 1992] . They are oriented E-W with the apex to the east and the impact crater located just west of the apex. The parabolas are considered to be produced by the interaction of zonal winds with the material ejected ballistically from the impact crater [Vervack and Melosh, 1992; Campbell et al., 1992; Schaller and Melosh, 1998 ].
[4] Vervack and Melosh [1992] describe five distinct phases of parabola formation: (1) ejection of crater ejecta into space by the expanding impact vapor plume with subsequent decoupling of particles from the vapor and their transition to ballistic trajectories; (2) ballistic flight above the atmosphere; (3) atmospheric reentry; (4) transport by wind which is from east to west on Venus; (5) ground deposition. This model calculates ejecta particle behavior at different phases of the process. In particular, the model shows that the minimum energy required for an atmospherebreaching plume corresponds to an 8-km-radius crater, and this is reasonably close to the observations (see below). Campbell et al. [1992] give a list of 49 radar-dark parabolas and an additional 8 parabolas, which are not dark in SAR and seen only in the emissivity data. Other researchers give slightly different numbers [e.g., Herrick et al., 1997; Schaller and Melosh, 1998 ] but the craters in their lists are essentially the same. The smallest craters with which associated dark parabolas have been observed are $11 km in diameter; the largest, 80-90 km. In this study we follow the diameter values by Schaber et al. [1998] . The observed parabola width varies from 400 -500 km to 1500 -2000 km and the parabola length, from 400 -500 km to 1500 -1800 km. The areas of the observed parabolas vary from $100,000 km 2 to $2,500,000 km 2 with larger parabolas typically associated with larger craters [Campbell et al., 1992] .
[5] According to Campbell et al. [1992] , the observed dark parabolas are due to an air fall deposit several centimeters or more in thickness and composed of particles no larger than 1 to 2 cm. Model considerations of crater ejecta interaction with the atmosphere of Venus led Vervack and Melosh [1992] to conclude that ''contours on the order of 0.5 m or greater (of the model deposit thickness) are likely to be the most useful in representing the pattern of radar dark material in the Magellan images.'' In a further analysis, Schaller and Melosh [1998] generally confirm the Vervack and Melosh [1992] results. They also mention that the deposits are generally fine-grained and may be the principle source of ''sand'' sized particles on the surface of Venus. The recent study of Magellan emissivity data by Head [2004a, 2004b] revealed that the crater-related deposits have a much wider extent than the dark areas seen in SAR images alone. According to their estimates the deposit thickness varies from about 10 cm to several meters, assuming a loss tangent = 0.003. Thinner deposits (down to a few centimeters) can form so-called emissivity parabolas seen in emissivity images and not seen in SAR images.
Model Parabolas
[6] We studied the distribution of the present and past parabola deposits assuming that formation of all craters of Venus >11 km in diameter was accompanied by the formation of dark parabolas. On the USGS Magellan-based maps for three large regions where the Venera-Vega landers made their on-surface observations (Venera 8, 13, 14; Venera 9, 10; Vega 1, 2), we drew the model parabolas around each crater with D > 11 km. From the data on the forty-nine dark parabolas presently observed [Campbell et al., 1992] we found that the parabola mean length/width ratio is $1 and that the best fit of the parabola area (A, km 2 ) vs. crater diameter (D, km) dependence (BF49 line) is A = 26928D À 124000 (Figure 2 ). Bearing in mind that the observed parabolas are at different preservation states, thus themselves representing the age sequence, we selected the twenty parabolas whose data points on the plot were above the BF49 line and calculated the best fit for them: A = 29846D + 59000 (LRG = larger parabola line). We believe that the LRG line represents better the A(D) dependence for fresh, nondegraded parabolas.
[7] We drew model parabolas as right halves of the ellipses with 2:1 semiaxes ratio with the crater to apex distance equal to 0.15 of the model parabola width. The Figure 1 . Morphologic/age sequence of craters: DP, with dark parabola (crater Stuart); CH, with clear dark halo (Caccini); FH, with faint halo (Barrymore); with no halo (Rand).
latter was derived from the measurements of real parabolas. Figure 3 shows examples of the model parabolas around the craters Stuart and Bathsheba. We believe that our model parabolas correspond to the observed parabola shape better than the ''stingray'' model parabolas of Vervack and Melosh [1992] . For the purpose of this paper, however, the model parabola shape (half-ellipse or ''stingray'') is not very important. More important are the parabola areas, which in our case are deduced from the observations of Campbell et al. [1992] .
Volumes and Grain Size of the Dark Parabolas
[8] Before proceeding with drawing model parabolas in the Venera-Vega regions it is worthwhile to investigate the reliability of these models comparing (for the range of crater sizes) the expected volumes of model parabolas (model areas multiplied by the mean parabola deposit thickness) with total volumes of crater ejecta, which we assume is the crater depression volume. We made these calculations for the diameter range from 10 to 270 km calculating the crater depth as d = 0.4 D 0.3 (in the case of fresh craters [Herrick et al., 1997] ), then crater volume (cylinder with diameter D and height d), from which we derive the ejecta volume (approximately half of the crater volume [Grieve and Garvin, 1984] ), the parabola area (the case for large parabolas), and then volumes of parabolas. The calculated volumes of parabolas assuming that the mean thickness of parabola deposits is 1 m and 10 cm are given in km 3 and in fractions of the crater ejecta volume (Table 1, Figure 4 ).
[9] As seen in Figure 4 , when crater diameters are smaller than $50 km, the 1 m thick parabolas have a volume close to or larger than the total volume of the crater ejecta. This is an indication that for craters of this size-range the mean thickness of associated parabolas should be less than 1 m. Parabolas having a 10 cm mean thickness have volumes reasonably smaller than the total crater ejecta volume.
[10] As mentioned above, from the parabola radiophysical properties [Campbell et al., 1992] and theoretical models of the parabola emplacement [Vervack and Melosh, 1992; Schaller and Melosh, 1998 ], the parabola deposits were interpreted to consist of relatively fine particles: ''not larger than 1 -2 cm'' and being ''a source of sand.'' Impact crater ejecta, however, consists of fragments of a very broad size range: from hundred meter blocks to micron sized particles. It is therefore necessary to consider the relative abundances of different size fractions in the crater ejecta of Venus: Do they contain enough fine material to form parabolas?
[11] Early work showed that maximum block size on the rim of lunar and terrestrial impact craters increases almost linearly with crater diameter [see, e.g., Gault et al., 1963; Moore, 1971; Ivanov and Basilevsky, 1983] . If the average ejecta size also increases with crater diameter, then one may conclude that ejecta of larger craters should be generally coarser than those of smaller ones; however, Schultz and Mendel [1978] showed that, at least for large lunar craters formed in the gravity regime, this is not true, mostly because the material should acquire a larger velocity to be ejected from relatively large craters. This implies a higher shock load and hence more effective fragmentation and comminution.
[12] Because craters on Venus with associated parabolas formed in the gravity regime and because g Venus = 0.9 g Earth , it is natural to look for analogs in their ejecta fragmentation due to shock load among the allochtonous rocks of terrestrial impact craters of approximately the same size. In terrestrial impact craters there are three major varieties of allochtonous materials: allogenic breccias (coptoclastites) and suevites both spatially closely associated with the craters [Masaitis, 1994; Masaitis et al., 1998; French, 1998 ] and distant ejecta represented by the deposits of millimeter-and submillimeter-sized spherules [Bohor and Glass, 1995; Simonson et al., 1999] . The latter are also breccias but contain a significant amount of fragments and inclusions of solidified impact melt.
[13] The size distribution of clasts in allogenic breccias was studied by Horz et al. [1983] for the 26 km Ries crater and recently studied by V. L. Masaitis (private communication, 2004) for the 100 km Popigai crater, Russia. The Ries Bunte Breccia was found to typically contain 30 to 70 vol% of <1 cm matrix. The preliminary data for allogenic breccias of Popigai show that although the size distribution of the clasts varies depending on the position in the coptoclastite vertical profile, on average, clasts of silt to sand size compose 90-95 vol% of the rock, while larger (mostly 2 -5 cm) clasts compose the remaining 5 -10%.
[14] The size distribution of clasts in suevites, which are also breccias but contain a significant amount of fragments and inclusions of solidified impact melt, has been studied by several authors. Jankowski [1977] measured by sieve analysis and in thin sections the median grain size of ''Graded unit'' of Ries suevites. His data show that this parameter varies from $0.1 to 1 mm with most typical values between 0.15 to 0.5 mm. Von Engelhardt [1997] , summarizing data from different localities of fallout suevites of the Ries crater, found that the coarse (mostly centimeters-decimeters) fraction of suevites form $20 vol%. These coarse components are embedded in the finer (<1 cm) matrix, which forms $80 vol% of the whole suevite deposit.
[15] Masaitis et al. [1998] was mostly devoted to analysis of the abundance of glass in the suevites of Popigai crater and to the distribution of glass between different size fractions, but the size distribution of clasts of any lithology was also recorded (Table 2) . Special attention was given to documenting the grain-size fraction distribution as a function of where it occurred in the 1 -1.5 km thick suevite deposit. The results show that the ''lower'' suevites are coarser than the ''upper'' ones, but in general, all these rocks are rich in the fine size fraction.
[16] Details of the size distribution of the relatively fine fraction of suevites can be partially deduced from the results of Koeberl et al. [2002] on high-resolution X-ray computed tomography of suevites from the crater Bosumtwi (D = 11 km), Ghana, and the Ries crater (D = 24 km), Germany. In this work major attention was paid to nondestructive determination of the clast lithologies.
As part of that work it was found that for both Bosumtwi and Ries suevites, the total abundance of the distinguishable (larger than $1 mm) clasts was $25 vol% and the even finer matrix composes $75 vol%. Koeberl et al. [2002] contains tomographic images of the Bosumtwi and Ries suevites, which we used to determine the size distribution of the clasts. In the Bosumtwi suevite image we counted all 228 clasts with long visible axis (d) from 1.6 to 41 mm across, and in the Ries image we counted all 229 clasts with length from 1.2 to 43 mm. The results are shown in Figure 5 .
[17] On the basis of this analysis, it is seen that the cumulative function of N >d (d) $ d À2 . This means that within this size range, the coarser clasts, although few in number, have a very large volume fraction. For example, in the Bosumtwi suevite only 24 particles are coarser than 10 mm but they compose $80% of the clast volume counted. Similarly, in the Ries suevite, only 17 particles are coarser than 10 mm but they compose $83% of the clast volume counted. These 80 and 83% correspond to the $20% of total rock volume determined by Von Engelhardt [1997] . Combining the data of Von Engelhardt [1997] and our counts we conclude that the suevites studied consist of $ 20 vol% of fragments >1 cm, 5% of fragments from 1 mm to 1 cm, and $75% of the matrix is finer than 1 mm. We thus conclude that if fragmentation and comminution of the parabola-forming ejecta resembled that of terrestrial allogenic breccias and suevites, then d < 1 mm particles may be dominant in them.
[18] The distant ejecta of the KT-boundary crater Chicxulub [Bohor and Glass, 1995] and unfound Late Archean crater [Simonson et al., 1999] are represented by the impact-melt splash droplets and by spherules formed by condensation of vaporized material of impactor and target. Keeping in mind the elevated target temperatures on Venus one may expect that impact cratering on this planet leads to higher percentages of impact melt and impact vapor compared to those typical for terrestrial craters. The melt of ejecta interacting with the dense Venus atmosphere may be sprayed more effectively than in terrestrial impact cratering. Thus the Venus analogs of these millimeter-and submillimeter-sized droplets may be an essential part of the crater ejecta on that planet and thus a significant component of the parabola-forming material.
Outlining Parabolas in the Venera-Vega Sites
[19] Drawing parabolas around craters >11 km in diameter in the regions where the Venera-Vega spacecraft landed ( Figure 6 ) was accomplished using the BF49 and LRG dependences. In both cases the percentages of area covered by parabolas once or several times, and the area not affected by any model parabolas, have been determined (Figures 7, 8, and 9) . It was found that in the regions of the VeneraVega landing sites, which in the sense of their geology are typical for Venus, the percentages of the area covered by the model parabolas vary from $40 to $60% for the BF49 option and from $80 to $90% for the LRG option. Because the LRG option seems to correspond to the case of undegraded parabolas, the latter estimates probably better represent the past + present distribution of the parabola deposits. The parabolas on the maps produced were classified depending on the class of the crater (DP, CH, FH, NH, Obscured) around which the parabola was drawn. Because the DP-CH-FH-NH sequence is interpreted as an age sequence, the resulting maps are interpreted to show the history of parabola emplacement. The coverage of specific Venera-Vega landing ellipses (circle R = 100 km) by the model parabolas is given in Table 3 . These maps show that the present + past parabolas covered the majority of the surface of Venus. Within the Venera-Vega landing ellipses the parabola air fall deposits were once widely distributed (Vega 2 may be an exception) and one can expect that their remnants (not seen in SAR images as dark parabolas) are still there.
Surface at the Landing Sites
[20] All TV panoramas taken at the landing sites ( Figure 10 ) show the presence of outcrops and fragments of relatively bright rocks with variable amounts of darker soil in between [see, e.g., Florensky et al., 1977a Florensky et al., , 1977b Garvin et al., 1984; Basilevsky et al., 1985] . The soil is composed of particles finer than the camera resolution limit ($7 mm for Venera 9 -10 and $4 mm for Venera 13 -14). Spectrophotometer observations taken by Venera 9, 10, 13 and 14 showed that a cloud of dust was formed at touchdown [Ekonomov et al., 1980; Moroz et al., 1982] that requires soil particles to be smaller than $0.02 mm [Ronca and Green, 1970] . Garvin [1981] interpreted a zone of darkening on the Venera 10 panorama as another piece of evidence for the formation of a Figure 7 . Map of model LRG parabolas for the Venera 8, 13, and 14 region. They occupy together $92% of the area. NA, areas not affected by model parabolas, 8% altogether. For meaning of DP, CH, FH, and NH, see Figure 1 . ''Obs'' means that the crater vicinity is obscured by other deposits, so the crater could not be classified. The map shows in particular that the Venera 8 landing ellipse is 100% covered with parabolas of two CH craters. The Venera 13 ellipse is almost totally covered with parabolas, while about half of the Venera 14 ellipse is not covered. Figure 8 . Map of model LRG parabolas for the Venera 9 and 10 region. They occupy together $83% of the area. NA, areas not affected by model parabolas, $17% altogether. The map shows in particular that the Venera 9 landing ellipse is 100% covered with parabolas of several NH, FH, and CH craters, while the NE segment of the Venera 10 ellipse is not affected by the parabolas. dust cloud at lander touchdown. Centimeter-sized pieces of rocks are also seen within the soil areas. They may represent the initial stage of the process of degradation of rock into soil and may partly be formed as a result of the lander impact onto the surface material.
[21] Rocks at the Venera 9 site (31.01°N, 291.64°E) are seen as decimeter-sized and smaller fragments (Figure 11 ). They form talus on a $30°slope probably representing a tectonic fault associated with the Devana Chasma rift zone, Beta Regio [Basilevsky et al., 1992] . Two types of rocks are distinguishable. One is represented by fragments with obvious centimeter-scale layering. Their shape is slightly rounded to irregular as if they were cracked along many chaotically oriented directions. Another type is represented by polygonal fragments of rocks with no evidence of layering. Their shape suggests that it is controlled by massive rock jointing.
[22] Rocks at the Venera 10 site (15.42°N, 291.51°E, SE flank of Beta Regio uplift) are seen as low flat outcrops with darker soil in between them (Figure 12 ). The rocks show evidence of subhorizontal centimeter-scale layering in the form of small scarps and ledges. The layered suite of rocks in the upper right of Figure 12 may be revealing low-angle cross-bedding. The rock outcrop best seen (the one on which Venera 10 landed) is cut by linear and curvilinear fractures filled with dark soil.
[23] Rocks of the Venera 13 site (7.55°S, 303.69°E, Navka Planitia, near Perunitsa Fossae rift zone) are also seen as low flat outcrops with darker soil in between them ( Figure 13 ). They also show evidence of subhorizontal centimeter-scale layering mostly in the form of small scarps and terraces. Rock outcrops have narrow to wide linear and curvilinear fractures filled with dark soil.
[24] Rocks of the Venera 14 site (13.05°S, 310.19°E, Navka Planitia, near Panina Patera and the associated rift zone) form a continuous outcrop with practically no soil ( Figure 14) . Rocks are prominently layered at the centimeter-scale. The thinnest visible layers are only a few millimeters thick. Some layers show slight differences in their reflectivity. Cracks, mostly curvilinear, cut the outcrop into pieces similar in shape to fragments of Type 1 rocks at the Venera 9 site.
Physicomechanical Properties of the Layered Rocks
[25] Panoramas taken at all four imaged sites thus show prominent fine layering of the rocks and the Venera 9 panorama also shows the presence of massive rocks. Physicomechanical properties are essential for understanding the nature of the layered rocks (Table 4) . At the Venera 13 and 14 sites these properties were studied by three techniques. First, their estimate down to the depth of several tens of centimeters was deduced from the dynamics of overload at the moment when the 660 kg lander impacted the surface with a vertical velocity of $7.5 m/s. It was found that the rocks are crushable, with a bearing capacity of only 4 -5 kg/cm 2 . This implies that the rock material is porous (50 -60%) with a density = 1.4-1.5 g/cm 3 [Avduevsky et al., 1983] . At the Venera 14 site, where soil is practically absent, the very uppermost $10 cm layer was found to be even weaker ($2 kg/cm 2 ). Avduevsky et al. [1983] compared the bearing capacity of the layered rocks with an artificial analog of volcanic cinders used in tests prior to launch.
[26] The second technique to measure the physicomechanical properties of the surface material employed a special penetrometer seen as a trellis girder at the centerleft of the Venera 13B and Venera 14B panoramas (Figure 10 ). The Venera 13 penetrometer punch-impacted the rock surface measuring the bearing capacity to be 2.6-10 kg/cm 2 [Kemurdzhian et al., 1983] . This is in good agreement with the Avduevsky et al. [1983] results. In the case of Venera 14, however, the penetrometer punch-impacted the TV camera view-port cover, thus measuring the poorly understandable combined response of the view-port cover and the rock.
[27] The third source of information on the physicomechanical properties of the surface material of the Venera 13 and 14 sites was the telemetry data for the drilling to acquire the sample for the X-ray fluorescence spectral analysis. The data showed that drilling was successful for the total Figure 9 . Map of model LRG parabolas for the Vega 1 and 2 region. They occupy together $89.5% of the area. NA, areas not affected by model parabolas, 10.5% altogether. The map shows in particular that the Vega 1 landing ellipse is 100% covered with parabolas of three FH and CH craters, while a significant part of the Vega 2 ellipse is not affected by the parabolas. planned 3 cm depth and the drilling procedure was similar to that encountered when a weathered porous basalt or ashy tuff-type material was used in the test drills [Barmin and Shevchenko, 1983] . The drilling device was inside the lander-supporting ring, out of the TV camera field of view, to the extreme right of the penetrometer, as seen on panoramas 13B and 14B in Figure 10 . As it is seen in Figure 8 , in the case of Venera 13 the drilling could be either in rock or in soil, but in the case of Venera 14 it is rather obvious that the sampling device drilled into rock. Figure 10 . TV panoramas taken by the Venera 9, 10, 13, and 14 landers and showing the presence of finely layered cohesive material. The optical axis of each camera was inclined 50°from the vertical so the middle part of each panorama is a close-up view while at the right and left ends the camera looked at the horizon. The T-shaped structure seen on the right of the panoramas of Venera 9 and 10 is the gamma densitometer. Its distant (transverse) part is 40 cm long. The bright linear and segmented structure near the center of the Venera 10 panorama is the 40 cm long and 10 cm wide view-port cover. The Venera 13 and 14 panoramas show the view-port covers of arcuate design (20 cm in diameter). The photometric standard on the right of the Venera 13-14 panoramas is 40 cm long. The trellis girder (center left of the Venera 13B and Venera 14B panoramas) is 60 cm long.
[28] At the touchdown of Venera 9 and 10, the dynamics of the landing overload was also measured but with poor accuracy. This led to a wide range of possible bearing capacity values, from 40 to 300 kg/cm 2 [Keldysh, 1979] . The lower limit corresponds to a bearing capacity of mechanically weak volcanic tuffs, clays, and loams, while the upper one corresponds to strong tuffs and weathered lavas [Kemurdzhian et al., 1983] .
[29] Both Venera 9 and 10 landers had gamma-densitometers ( Figure 10 ). The Venera 9 densitometer, when deployed rested its ends on two different rock fragments, so it measured what was hanging in between them and thus did not work properly. At the Venera 10 site the gammadensitometer rested on a large slab of layered rock. Its measurement results suggested two alternative density values: $2.8 g/cm 3 and $1.5 g/cm 3
. Taking in mind the basaltic composition of the rock, the designers of the experiment preferred the larger value [Surkov et al., 1977; Surkov, 1997] . Now, however, knowing the low density of the layered rocks at the Venera 13 and 14 sites, we believe that the lower value is probably more appropriate.
[30] The Vega 1 and 2 landers were the most recent spacecraft to make geochemical measurements on the surface of Venus. They had neither TV cameras, nor the devices to measure the surface impact overload, nor the penetrometers, but they had the drilling devices similar to those of Venera 13 and 14. Unfortunately, during the descent in the atmosphere, due to strong vertical wind gusts, the Vega 1 drilling device started to operate before landing and never drilled the solid surface. Geochemical information was received only from the gamma-spectrometer. The Vega 2 lander was more successful and made geochemical measurements on the surface by both gamma spectrometry and X-ray fluorescence spectrometry. For the latter, the surface material sample was acquired by drilling, as in the case of Venera 13 and 14. Unfortunately, the available publications on the Vega 2 geochemical measurements have no information on the physicomechanical properties of the drilled material.
Nature of the Layered Deposits
[31] We thus conclude that the layered rocks seen on TV panoramas at the Venera 9, 10, 13 and 14 sites consist of mechanically weak material with 50-60% porosity resembling mechanically weak volcanic tuffs. This is very certain for the Venera 13 and 14 rocks and is probable for the Venera 9 and 10 rocks.
[32] The nature of these rocks was discussed in several papers mostly considering two major models: (1) the rocks are lithified air fall deposits (for example, volcanic tuffs or deposits of meteorite crater ejecta and products of chemical surface weathering) and (2) the rocks are lavas with the platy nature of the surface resembling some terrestrial pahoehoe flows [see, e.g., Florensky et al., 1977a Florensky et al., , 1977b Garvin et al., 1984; Basilevsky et al., 1985; Nikolaeva, 1989] . In the first model the layers are considered as depositional features. In the second one, the layers are considered to be a result of a combination of upper thermal boundary layer formation and horizontal sheets formed by cooling and shearing of the semisolid flow crust during flow emplacement. At the time of these publications, each of these models explained the platy nature of the rocks, but not all conclusions made by these analyses sound convincing at the present time.
[33] Now, having a better knowledge of the surface geology of Venus mostly through the extensive analysis of Magellan images [see, e.g., Head et al., 1992; Greeley et al., 1992; Schaber et al., 1992; Campbell et al., 1992] , we prefer the first model because Figure 11 . Central portion of the Venera 9 panorama: 1, fragments of layered rocks; 2, fragments of massive rocks with polygonal jointing. Figure 12 . Central portion of the Venera 10 panorama: 1, small scarps; 2, ledge, both suggesting layering; 3, outcrop with possible cross-bedding. it better explains the measured low bearing capacity and deduced high porosity of the rocks. In the first model these properties form as a natural consequence of sedimentation of the irregular shaped particles and subsequent modest lithification. In the second model it seems very problematic to acquire such a high porosity due to purely mechanical deformation of a semisolid lava.
[34] On Earth a significant porosity increase and bearing capacity decrease are typical for weathered lavas which occur mostly through chemical leaching of rock-forming elements by water solution. On Venus, even at its high surface temperature and pressure, dry CO 2 and minor components of the atmosphere do not make the rockforming components mobile. In fact, theoretical consideration by several research groups [e.g., Mueller and Saxena, 1977; Zolotov and Volkov, 1992; Fegley et al., 1997; Fegley, 2004] of possible reactions of silicate rocks with carbon dioxide, sulfur compounds, and chlorine and fluorine showed that, depending on the rock chemistry and temperature/pressure values, these gases can become part of the surface rocks or be emitted from them, but the major petrogenic elements are not part of those gaseous compounds in this environment. So they should be rather inert, without substantial mass transfer and this would seem to preclude processes analogous to leaching; thus, in the Venus environment it appears unlikely that highly porous rocks would form through chemical weathering.
[35] In the earlier studies one of the possible options discussed was the idea that the layered deposits could be volcanic tuffs [Florensky et al., 1977a [Florensky et al., , 1977b Basilevsky et al., 1985; Nikolaeva, 1989] . Although initially attractive because of the generally basaltic composition of the analyzed materials, this idea now seems to be contradicted by our current understanding of volcanism on Venus. Both theoretical considerations suggesting that high atmospheric pressure on Venus inhibits normal pyroclastic activity [Head and Wilson, 1986] and the absence of any observed evidence of pyroclastic-produced volcanic deposits or landforms [Head et al., 1992; Crumpler et al., 1997] suggest that pyroclastic deposits on Venus, if they exist, should be the exception rather than the rule.
[36] Keeping these factors in mind, we suggest that the layers seen in the Venera panoramas may be parabola air fall deposits which were then partly lithified and partly eroded. The lithification could have occurred at the grain to grain contacts through thermal diffusion and transformations of primarily magmatic mineral assemblages to those stable in the Venus surface environment. Such diffusion is obviously facilitated by high surface temperatures, which are close to or higher than the well-known thermodynamic threshold (half of the melting temperature) in this case for basalts: 760 K > (1300 -1400 K). The inevitability of mineral transformations like (olivine, pyroxene, plagioclase) ) (magnetite, hematite, quartz, magnesite, anhydrite, pyrite, enstatite, albite) has been verified by numerous thermodynamic calculations [e.g., Mueller and Saxena, 1977; Zolotov and Volkov, 1992; Fegley et al., 1997; Fegley, 2004] . The fact that there is a noticeable difference in the Venera-Vega sites among the measured chemical compositions of the surface materials implies that the suggested lithification should be fast enough to protect formation of a well-mixed global-wide surface layer, which otherwise seems to have formed.
[37] Such lithification may not affect the final portions of the parabola deposit, long-suspended in the atmosphere, which could contribute, at least partly, to the soil material. Other potential sources of soil material could be ejecta from the smaller craters not forming parabolas as well as surface degradation of the layered rocks. [38] The erosion of the layered deposits is an observational fact [e.g., Florensky et al., 1977a Florensky et al., , 1977b Basilevsky et al., 1985] . It is probably caused by winds (including normal ''meteorological'' winds), whose existence has been confirmed by direct observations [e.g., Selivanov et al., 1982; Ksanfomality et al., 1982; Ksanfomality, 1985; Kerzhanovich et al., 1982] , and winds generated by nearby impacts [see, e.g., Ivanov, 1992] , both large and forming radar-dark parabolic deposits, and smaller ones, forming parabola-free craters and splotches. Fracturing of the rock outcrops, especially that observed in the upper right of Figure 12 , may be due to tectonic quakes. All four TV imaged Venera landing sites are in the vicinity of relatively young rift zones. In particular, for the Devana Chasma rift zone, which is relatively close to the Venera 9 and 10 landing sites, there is a morphologic evidence that the rifting there was geologically very young [Basilevsky and Head, 2002] and thus could be responsible for the observed surface rock fracturing.
Terrestrial Analogs and the Problem of the Rock Layering
[39] If the hypothesis suggested here (which interprets the layered deposits observed in the Venera panoramas as partly lithified and partly eroded air fall deposits of crater associated radar-dark parabolas) is correct, what aspect of the process explains the layering? At first glance, the fallout of the fine-grained fraction of the crater ejecta should produce a massive nonlayered deposit different from that, which is observed in the panoramas. To understand better this hypothetical fallout, it is worthwhile investigating possible terrestrial analogs. The best analog would probably be the upper meter of air fall deposits of large terrestrial impact craters. Unfortunately, due to the very high rate of terrestrial surface erosional processes, this part of the fallout has been destroyed even around the youngest craters. Instead, we briefly consider examples of three other terrestrial analogs:
(1) fallout of a large nuclear blast, (2) air fall deposits of very recent large volcanic eruptions, and (3) deposits of large snowstorms.
Fallout of a Large Nuclear Blast
[40] Some relevant information about the fallout of nuclear blasts is publicly available only for the Bravo test, the 15 MT explosion in the shallow lagoon of the Bikini Atoll in the Pacific. The explosion produced a crater 1.6 km across and 60 m deep. The radioactive fallout of the test unfortunately affected the Japanese ship Fukuru Maru 160 km east of Bikini. The associated international attention resulted in the release of the information currently available. The Internet-accessible elements of the official report on the event (http://www.bikiniatoll.com) describe ''gritty snowlike'' material (crushed coral reef) composed of fallout that rained down on the ship for nearly three hours. On Rongerik Atoll, $300 km from the explosion, the fallout thickness was 0.6 to 1.2 cm. In planimetric view, the fallout, measured in radioactivity units (Figure 15) , is a distorted ellipse about 100 km wide and 500 km long.
[41] In considering this analog, we should keep in mind the 3-order of magnitude differences between the energy of the Bravo explosion and the energy of impacts produced even by the smallest ($11 km) craters with parabolas on Venus, as well as the significantly higher capacity of the atmosphere of Venus (compared to Earth's) to carry the debris load. Giving this consideration, the centimeter-thick air fall deposits associated with the Bravo test should be translated upward, perhaps to the decimeters-to meter-thick pristine Venus parabolas.
Air Fall Deposits of Very Recent Large Volcanic Eruptions
[42] An appropriate example of a recent large volcanic eruption is the 18 May 1980 Mount St. Helens eruption: 24 MT energy of the ash-producing blast; >3 km 3 of the displaced material; 25 cm thick ash-fall deposits at 16 km to 1 cm at 500 km downwind [Lipman and Mullineaux, 1981] (see also http://vulcan.wr.usgs.gov/Volcanoes/MSH/May18/ summary_may18eruption.html). Figure 16 shows the iso- Mechanically weak material chrons of ash fall deposition. Propagation of the ash cloud to form the 300 Â 1100 km fallout deposit took about 9.5 hours.
[43] There are two major varieties of ash deposits formed in this and similar events. The first one is represented by the pyroclastic flow deposits formed by ground-hugging, fluidized, turbulent flows of fine volcanic debris, which moved at high velocities on the flank of the volcano as the eruption plume of debris over the volcano collapsed Wilson and Head, 1981; Wilson and Houghton, 2000] . These deposits include fine pumice ash laminae and beds from one millimeter thick to greater than one meter thick, each representing just a few seconds to several minutes of accumulation. The median grain size of these deposits varies from 0.4 to 1 mm . The resulting deposits show layering, in some cases (Figure 17 ) strikingly similar in style and scale to that seen in the Venera panoramas (Figures 10-14) .
[44] This phenomenon is to some extent close to the formation of laminated bedding in some turbidity current marine deposits [Boggs, 1995] . Referring to the models of Campbell et al. [1992] and Vervack and Melosh [1992] , which describe the ballistic character of the ascending ejecta curtain, sorting of the ejecta particles in size both in the ascending and descending parts of their trajectories and the rather laminar atmosphere flow regime, the pyroclastic flows seem not to be a good analog of the parabolaemplacement process; however, Campbell et al. [1992] also suggest the involvement of turbulence in the process. At the same time, Schultz [1992] showed convincing evidence of nonballistic turbulent emplacement of part of the crater ejecta. In reality the parabola deposit emplacement may, at least locally, have some similarity with pyroclastic flows. Some large terrestrial-scale volcanic eruptions show examples of far-traveled pyroclastic surges: 18 May 1980 Mount St. Helens, 35 km; 1883 Krakatau, 80 km.
[45] Good correspondence of the 3-D geometry and size of the parabola deposits [Campbell et al., 1992; Head, 2004a, 2004b ] to those derived from the previously discussed models suggests that the models represent the process rather adequately. If so, the air fall parabola deposit on Venus seems to correspond better to the second variety of the Mount St. Helens ash deposits. In this scenario, the ash composing them, before being deposited, was suspended in the atmosphere in rather low concentrations and settled down almost vertically with a lateral component provided only by near surface winds [Wilson and Houghton, 2000] . At the same time, within the ash cloud some turbulence was obviously present (Figure 18 ).
[46] Within the majority of the ashfall area, the thickness of this deposit was less than a few centimeters [Foxworthy and Hill, 1982] . Probably because of this, we could not find good images showing details of the vertical texture of this deposit. The available pictures show a snow-like cover with no texture visible (Figure 19 ). Generally, as Wilson and Houghton [2000] noted, in the absence of particle cohesion, fall deposits are well sorted and can be bedded on a scale down to millimeters. The median size of the Mount St. Helens ash-fall deposits varies from 0.05 to 0.1 mm .
[47] Again, there is a 3-order of magnitude difference between the energy of the Mount St. Helens eruption and the energy of impacts producing the smallest craters with parabolas on Venus, and again, we should mention the significantly higher capacity of Venus atmosphere to carry the debris load. In summary, it appears that the centimetersthick Mount St. Helens air fall deposits can be reasonably translated to the decimeters-to meter-thick pristine parabola deposits on Venus. The air fall of the Katmai 1912 eruption, the energy of which ($10 4 Mt) was close to the energy of the smallest parabola-forming craters, was $1 m thick at 50 km distance and $0.5 m thick at 100 km distance [Sarna-Wojcicki et al., 1981] .
Deposits of Large Earth Snowstorms
[48] These types of deposits are close to the parabolaforming air fall in thickness and these two phenomena may have some similarities in terms of the general physics of material transportation and deposition. On 17-18 February 2003, two of us witnessed the 18-hour-long snowstorm in Providence, R.I., USA. A 50 cm thick layer of snow was deposited during this storm on the Brown University campus. The snowfall was continuous. According to T. F. Green Airport meteorological records, during the snowstorm the temperature varied between À5.5°C to À8°C; relative humidity varied between 96% to 100%; and episodic wind gusts reached speeds of 22-28 km/h. While shoveling the pedestrian passages during the storm, we gained a strong impression of the massive structure of the snow deposit. On the next day, however, after the storm was over, deflation/sublimation of the snow caused the initially massive-looking snow deposit to show prominent centimeter-scale layers resembling those observed on the surface of Venus (Figure 20) . Modification of recently deposited and slightly indurated snow by turbulent eddies associated with winds also produces scour-remnant ridges and current crescents [Allen, 1965] , features that might be responsible for some of the uneven layering seen in the Venera panoramas (Figures 10-14) .
[49] On the basis of these considerations, we suggest that the layering observed in the Venera panoramas formed due to fluctuations in deposition which, in turn, resulted from periodic wind gusts. The turbulent nature of the Mount St. Helens ash cloud (Figure 18 ) is good evidence of the inevitability of wind gusts as a part of the deposition process. In the presence of periodic fluctuations this process seems to resemble, for example, the deposition on tidal flats and subtidal shelf areas where fluctuations in the energy levels, storm activities, and sediment supply sometimes lead to formation of well-developed thin bedding and lamination [Boggs, 1995] . Considering that the parabola-causing impact inevitably had to disturb a significant part of the atmosphere of Venus [see, e.g., Ivanov, 1992] , wind gusts seem to be a very probable component of the parabola deposition environment. If so, this should lead to formation of a series of thin beds and laminae with graded bedding, later preserved in lithification and exposed in subsequent wind erosion.
Geochemical Implications
[50] The geochemical measurements made by the Venera and Vega landers characterize the composition of the surface material down to the depths of a few centimeters (X-ray fluorescence spectrometry) and several decimeters (gamma ray spectrometry) [Surkov, 1997] . This material is represented by the described layered rocks and soil, the latter probably to a significant degree being the product of the degradation of the layered rocks [see, e.g., Florensky et al., 1977a Florensky et al., , 1977b Garvin et al., 1984; Basilevsky et al., 1985] . The results of the geochemical analyses were considered to be characteristics of the surface lavas composing the volcanic plains at the landing sites [e.g., Basilevsky et al., 1992 Basilevsky et al., , 1997 Head et al., 1992; Kargel et al., 1993; Grimm and Hess, 1997; DeShon et al., 2000; Abdrakhimov and Basilevsky, 2002] . But if the layered rocks are the air fall parabola deposits originating from ejecta of the parabola-producing cratering event, then the primary source of this material is not the surficial lavas of the site but the rocks excavated from some depth by craters whose parabolas covered the site. Considering that the impact craters excavate material from a depth down to 1/10 of the crater diameter [Melosh, 1989] , the geochemically analyzed materials may represent rather deep-seated rocks: the lower parts of the complex of volcanic plains, rocks of the plains basement, and the intrusive components of igneous activity on Venus. Below, using surface geology and stratigraphic relationships, we briefly investigate which of the known material geologic units could contribute to the surface materials analyzed by the Venera-Vega landers [Abdrakhimov and Basilevsky, 2004] .
[51] For this analysis we use the maps shown in Figures 7, 8 , and 9 to find the source craters for the ejecta that could contribute to the surface deposits at each of the sites. These craters are listed in Table 5 . Through the analysis of Magellan images of the vicinity of each of these craters, photogeologic maps were then made (see examples in Figures 21 and 22 ). For this mapping, units of the regional and global stratigraphy of Venus of Basilevsky and Head [2000] have been used, from older to younger: Tt -Tessera terrain material, highly tectonically deformed mafic lavas (?); Pdf -Densely fractured plains material, highly deformed mafic lavas; PfrRidged and fractured plains material, moderately deformed mafic lavas; Psh -material of Plains with shields, slightly deformed mafic lavas; and Pwr -material of Plains with wrinkle ridges, slightly deformed mafic lavas. Through the analysis of each of these maps, schematic geologic cross sections for each of the craters were then compiled (Figures 21 and 22) . In compiling cross sections we used estimates of the unit thicknesses made by Figure 21 . Magellan image, geologic map, and a schematic cross section of the crater Cline. Figure 22 . Magellan image, geologic map, and schematic cross section of the crater Centlivre. Basilevsky and Head [2000] . Typically they were as follows: Pwr and Psh together, about 1 ± 1 km; Pfr and Pdf, about 1 ± 2 km; and Tt > 2 km. Through examination of the crater cross sections, proportions of the units excavated by this specific crater have been estimated. If the unit contribution appeared to be >50%, we designated this as ''much''; if 20 to 50%, as ''not much''; and, if <20%, as ''little'' (see Table 5 ). These estimates for each crater, whose model parabola partially or completely covers the given site, were used to sum up to final total estimates for each site (Table 6 ). For this final estimate, a percentage of the site area covered by this given parabola was taken into account.
[52] In summary, if the hypothesis is correct that the layered rocks seen in the Venera panoramas are air fall deposits originating from impact crater debris, then the excavation and emplacement of rather deep-seated rocks may be a very significant aspect of the materials geochemically analyzed at the Venera-Vega landing sites (Tables 5  and 6 ). Moreover, it is possible that the geologic unit on which the lander rests, as determined by analysis of Magellan images, may not play a significant role in the material analyzed. In particular, in the case of Venera 8, which most probably sits within the area of unit Psh, the materials of units Pwr and Tt may play the major role. Tt material could play a major role in the case of Venera 9, while in the case of Venera 10 the contribution of unit Pdf could be the dominant factor. In the Venera 13 and 14 cases, the contributions of unit Pwr may be the most important. In the Vega 1 case, the unit Pfr may be dominant and in the case of Vega 2, equally modest contributions from several units are suggested.
[53] It is necessary to add, however, that Table 6 shows the averaged sum of potential contributions of several craters for each of the sites, but because the X-ray fluorescence analysis (Venera 13, 14, Vega 2) used a sampling core only of a few centimeters long, and, because the parabola deposits do not stay intact through time but certainly are subject to erosion, the material analyzed by any lander may represent a deposit originating from only one impact event and not necessarily the last one. In this case, Table 5 is more appropriate to use to consider the possible sources rather than the exact sequence and specific source of contributions. In the case of gammaray spectroscopy (Venera 8, 9, 10, Vega 1 and 2), the thickness of the sampled material is larger (several decimeters), but, even in this case, it is quite possible that the analyzed material represents the ejecta of one impact event.
In any case the results given in Tables 5 and 6 certainly oversimplify the possible picture but we feel that it is useful to show them as a zero approximation model.
Conclusions
[54] The model crater-associated radar-dark parabolas cover 80 -90% of the surface in the regions of the Venera-Vega sites. In the sense of the general geology and impact crater abundances these regions represent well the majority of the surface of Venus. This means that a very significant part of the surface of Venus was covered at least once with the deposits that are now seen in the Magellan SAR images as radar-dark parabolas. The layered deposits seen in the Venera 9, 10, 13, and 14 panoramas and consisting of porous, mechanically weak material, may be the partly lithified and then partially eroded parabola deposits, while the soil may partly be unlithified crater deposits and partly a product of degradation of the layered rocks. If so, the interpretations related to the provenance of the materials geochemically studied by the landers may need revision. In particular, it is very possible that deepseated (>1 -3 km) rocks (the lower units of the regional plains complex, rocks of the plains basement, and plutonic rocks) are a part (perhaps a significant part) of the material analyzed. The possible presence of this material derived from depth should also be taken into account in selecting landing sites for future missions to Venus. 
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